Phosphorylation is a key component of a signal transduction network of both eukaryotic and prokaryotic cells. It has been thought for a long time that the main sites of phosphorylation in prokaryotes are histidine and/or asparagine residues, phosphorylated during a signal transduction process mediated by two-component systems (40) . Recent results, however, have shown serine/threonine-phosphorylating and tyrosine-phosphorylating enzymes, containing all 11 conserved catalytic domains of eukaryotic protein kinases (15) , to be present also in prokaryotes, either in those displaying some kind of differentiation process [Streptomyces coelicolor A3(2) (29, 43) , Streptomyces granaticolor (46) , Anabaena strain PCC 7120 (47) (48) (49) , Myxococcus xanthus (16, 30, 42, 50) ] or in human pathogens (Yersinia pseudotuberculosis [13] and Mycobacterium tuberculosis [33] ).
Streptomycetes are of a great interest due to their ability to produce a vast amount of antibiotics. Their complex life cycle and multicellular differentiation, resembling the growth of filamentous fungi (8) , undoubtedly require various levels of regulation and various types of signal transduction mechanisms. In this respect, the identification of protein serine/threonine kinases in Streptomycetes is not surprising. However, as for the kinases of the other organisms mentioned above, little is known about their roles. Five different protein serine/threonine kinases in streptomycetes have been described. One of them, the membrane-associated protein kinase AfsK, was shown to phosphorylate in vitro a global regulatory protein, AfsR, which is involved in secondary metabolism (29) . The roles of the other kinases, PkaA and PkaB (43) and Pkg4 and Pkg3 (46) , are not known.
In a previous study (23) , we showed that in Streptomyces granaticolor cell extracts, the extent and pattern of O-phosphomonoesters were growth stage dependent, suggesting the presence of several protein kinases of eukaryotic type either differentially expressed or activated by unknown stimuli during the cell cycle. This study reports the characterization of the protein serine/threonine kinase gene pkg2, coding for a protein different in structure and other properties from the known homologues. A unique feature of Pkg2 among Streptomyces protein serine/threonine kinases studied so far is its subcellular localization. . Escherichia coli XL1-Blue (Stratagene) was used as the recipient strain in most DNA manipulations. E. coli CJ236 was used for the generation of a uracil-containing single-stranded DNA for site-directed mutagenesis. E. coli GM2929 (New England Biolabs) was used for the generation of nonmethylated plasmid DNA for protoplast transformation. E. coli strains were grown in LB medium (1% tryptone, 0.5% yeast extract, 1% NaCl) supplemented with ampicillin (100 g ml ), spectinomycin (100 g ml Ϫ1 ), and hygromycin (50 g ml Ϫ1 ) when necessary. All antibiotics were purchased from United States Biochemical (USB). E. coli BL21(DE3) (Novagen), used for the T7 RNA polymerase expression system (41), was grown in M9 medium (38) supplemented with 1% Casamino Acids, 1% glucose, and all 20 amino acids except methionine (when cells were labeled with L-[ 35 S]methionine) or in a phosphate-free medium containing 100 mM Tris-HCl (pH 7.4), 92 mM NaCl, 40 mM KCl, 21 mM NH 4 Cl, 100 mM CaCl 2 , 160 mM Na 2 SO 4 , and 1 mM MgSO 4 (when cells were labeled with 32 P). E. coli CC118 was the strain used for the alkaline phosphatase assay (28) .
MATERIALS AND METHODS

Materials
Plasmids pTZ18R (USB), pTZ19R (USB), and pMOSBlue (Amersham) were used for cloning, subcloning, and sequencing experiments; plasmid pET24a (Novagen) was used for the expression of pkg2 with T7 RNA polymerase (41); plasmids pHP45⍀ (36) and pHP45⍀hyg (5) were used as sources of antibiotic resistance spc and hyg gene cassettes, conferring resistance to spectinomycin and hygromycin, respectively.
DNA manipulations, sequencing, and sequence analysis. DNA manipulations in E. coli were conducted as described by Sambrook et al. (38) , and those in S. granaticolor were performed as described by Hopwood et al. (20) . Preparation of S. granaticolor protoplasts was performed as described by Petříček et al. (34) . All restriction endonuclease digestions, ligations, and DNA modifications were performed as recommended by the commercial suppliers. When required, DNA restriction fragments or PCR products were separated by agarose gel electrophoresis and purified by using a Gene Clean Spin kit purchased from Bio 101.
The nucleotide sequence was determined in both directions by the dideoxynucleotide chain termination method (39), using double-stranded plasmid DNA and the universal primers or synthetic oligonucleotides as primers designed from newly obtained DNA sequences.
DNASIS software (Hitachi) was used for sequence analysis. The codon usage pattern was determined by FRAME analysis (3). The Fasta3 program at the European Bioinformatics Institute (32) and the BLAST program at the National Center for Biotechnology Information (1) were used to search for local alignments. A prediction of membrane-spanning regions was performed at the EXPASY server with the TMpred program (19) .
Construction of the molecular probe. The molecular probe for detection of protein kinase genes was prepared by PCR. Two degenerate oligonucleotides designed on the basis of the consensus sequence of subdomains VI (DLKP[D/ E]N) and VIII (TP[D/E]YM) of eukaryotic protein serine/threonine kinases (15) were used as primers to amplify a fragment of the kinase gene. The sequence of the forward primer was 5Ј-GACCT(C/G)AAGCC(C/G)GA(C/G)AA-3Ј; the sequence of reverse primer was 5Ј-GCCATGTA(C/G)TC(C/G)GG(C/G)GT-3Ј.
Expression of the pkg2 gene in E. coli. To place the pkg2 gene under the control of a T7 promoter, a DNA fragment containing the N-terminal part of pkg2 was amplified with Pfu polymerase. The sequences of the two primers used in PCR were 5Ј-GTGACCACACAGCCCCTCGC-3Ј (anneals at positions 844 to 863 near the pkg2 start codon [see Fig. 2] ) and 5Ј-CCACAGAGGCTTCGGGA-3Ј (anneals at positions 1946 to 1962). Plasmid p219 was used as the template. Ligation of the PCR product (1,118 bp) in the correct orientation with EcoRVdigested pMOSBlue generated pMOSex with an NdeI site upstream of GTG initiation codon. To shorten the sequenced fragment, pMOSex was digested with BstEII and EcoRI, filled in with Klenow polymerase, and self-circularized; the previously amplified sequence was verified. After sequencing, a 533-bp NdeIBstEII fragment was ligated with a 2.8-kb BstEII-EcoRI fragment of p219 containing an incomplete pkg2 gene into NdeI/EcoRI-linearized pET24a. The plasmid thus obtained, designated pEX2, was transformed into E. coli BL21(DE3).
For L-[ 35 S]methionine labeling, cells were grown in M9 minimal medium (38) supplemented with 1% Casamino Acids and 1% glucose to an optical density at 600 nm of 0.4. Then isopropyl-␤-D-thiogalactoside (IPTG) was added to a final concentration of 2 mM, and incubation was continued for 1 h. Cells from 1 ml of culture were harvested by centrifugation, washed with M9 minimal medium, and resuspended in the same medium supplemented with 19 amino acids (all except methionine). Rifampin (400 g ml
Ϫ1
) was added; after a 30-min incubation, 10 Ci of L-[
35 S]methionine was added, and incubation continued for 3 h. Labeling cells with 32 P. To obtain 32 P in vivo-labeled Pkg2, E. coli BL21(DE3) harboring pEX2 was grown in phosphate-free medium supplemented with 1% Casamino Acids and 1% glucose to an optical density at 600 nm of 0.4. After the addition of IPTG (2 mM, final concentration) and [ 32 P]H 3 PO 4 (10 mCi ml Ϫ1 , final concentration), cultivation was continued for 1 h. Then rifampin (400 g ml
) was added, and the culture was incubated for a further 3 h. Cells were collected by centrifugation and dissolved in sodium dodecyl sulfate (SDS) sample buffer. Proteins were separated by polyacrylamide gel electrophoresis (PAGE) on a 0.1% SDS-10% polyacrylamide gel; after electrophoresis, gels were soaked in boiling 16% trichloroacetic acid (27) , dried under vacuum, and exposed to autoradiography.
Identification of phosphoamino acids. 32 P-labeled proteins from a cell extract of E. coli BL21(DE3) harboring pEX2 were separated by PAGE on a 0.1% SDS-10% polyacrylamide gel and transferred onto an Immobilon polyvinylidene difluoride membrane, using a semidry transfer apparatus. Radioactive protein bands were detected by autoradiography, excised, and hydrolyzed in 6 M HCl at 110°C for 90 min (24) . The acid-stable phosphoamino acids thus liberated were separated by electrophoresis in the first dimension followed by ascending chromatography in the second dimension as described previously (12) . Authentic phosphoamino acids were run simultaneously, and their positions were detected by staining with ninhydrin. Labeled phosphoamino acids were detected by autoradiography.
Site-directed mutagenesis of pkg2. The target DNA for generation of an amino acid replacement of residue 45 (AAG, Lys) of the Pkg2 protein with Arg (AGG) was constructed as follows. pMOSex was linearized with BstEII, filled in with Klenow polymerase, and redigested with HindIII. A 575-bp fragment thus generated was subcloned into the polylinker of M13mp18 previously digested with XbaI, filled in with Klenow polymerase, and redigested with HindIII. The phage DNA was propagated once in E. coli CJ236 to prepare uracil-containing singlestranded DNA (26) . Mutagenic primer 2K45R (5Ј-CAGCCGTCAGGGTCCT GCG-3Ј) was annealed with the single-stranded DNA (the mutagenized nucleotide is underlined), and the complementary strand was synthesized by using T4 DNA polymerase and ligase. E. coli XL1-Blue was then transfected with the reaction mixture. The mutation thus generated was confirmed by nucleotide sequencing, and the mutated NdeI-BstEII fragment was replaced with the corresponding wild-type NdeI-BstEII fragment in pEX2. The plasmid thus obtained (pEX2K45R) was transformed into E. coli BL21(DE3).
Construction of the pkg2-phoA fusion gene and alkaline phosphatase assay. Fusion genes were created as originally described by Udo et al. (42) . The DNA fragments with or without the predicted transmembrane (TM) region were amplified by PCR and fused in frame with the lacZ gene of pUC19 and the phoA gene obtained from pCH2 (18) . The resulting plasmids expressed the pkg2-phoA fusion gene under the control of the lac promoter. The following oligonucleotides were used as primers: 2TMU (5Ј-CTAAGCTTGCGCGAGGCGGCCAC-3Ј), which contains a HindIII site (underlined) and anneals to positions 1701 to 1715; and 2TMD1 (5Ј-CTCTGCAGACGGCGACGAGGACG-3Ј) and 2TMD2 (5Ј-CTCTGCAGGGGTCGCCACGGCGG-3Ј), which each contain a PstI site (underlined) and anneal to positions 1766 to 1751 and 1901 to 1886, respectively (Fig. 2) . The restriction sites ensure that the pkg2 fragments fuse in frame with the lacZ and phoA. For the alkaline phosphatase assay, transformants were induced by 1 mM IPTG for 2 h, and the assay was carried out as described previously (6) .
Gene replacement. For replacement of the chromosomal pkg2 gene, we used the ⍀ interposon from pHP45⍀ (36) , which confers a spectinomycin resistance phenotype in E. coli and Streptomyces and double-stranded circular E. coli plasmid DNA. For construction of this recombinant plasmid, a 443-bp SacII-AluI fragment from plasmid p219, blunt ended with Klenow polymerase, was first cloned in the correct orientation into pTZ18R, previously digested with SmaI to yield pR1. Simultaneously, plasmid p219 was digested with SacI and partially with TaqI, and the 663-bp fragment obtained was cloned between the SacI and AccI sites of pTZ19R to yield pR2. Both plasmids obtained in these parallel steps were cleaved with HindIII and ScaI, and corresponding fragments (i.e., a 2,243-bp fragment from pR1 and a 1,741-bp fragment from pR2) were ligated, yielding pR12. An spc gene was then excised as a 2,014-bp HindIII fragment from pHP45⍀ and inserted into a HindIII site of pR12. Similarly, a hyg gene was excised as a 2,274-bp HindIII fragment from pHP45⍀hyg (5), filled in with Klenow polymerase, and inserted into a KpnI site of pR12, previously blunt ended with Klenow polymerase. The resulting plasmid, conferring resistance to 
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Pkg2, A TRANSMEMBRANE PROTEIN Ser/Thr KINASE 17 both spectinomycin and hygromycin, was named pRSH and transformed into E. coli GM2929 to obtain a nonmethylated plasmid DNA. Prior to transformation of S. granaticolor protoplasts, the plasmid DNA was alkaline denatured by the method of Oh and Chater (31). Spectinomycin-resistant (100 g ml
Ϫ1
) and hygromycin-sensitive (100 g ml Ϫ1 ) transformants were selected, and true disruptants were detected by Southern hybridization against the 198-bp SacII-HinPI fragment from p219 as the probe.
Electron microscopy. Streptomyces aerial mycelium was observed by scanning electron microscopy. For the preparation of specimens, mycelium was fixed in the vapor of aqueous 2% osmium tetroxide in a glass desiccator. After a 2-day exposure to osmium vapor, the samples were transferred onto a stainless steel sieve holder in a beaker containing 200 ml of warm distilled water (40 to 50°C) and incubated for 30 min. The samples were then dehydrated in the vapor of absolute acetone for 2 days. Dehydrated samples were sputter-coated with gold by using a Polaron sputter-coater unit, and the morphology of aerial mycelia was observed in a TESLA BS300 scanning electron microscope operating at 25 kV.
Nucleotide sequence accession number. The S. granaticolor pkg2 sequence reported in this paper has been submitted to the EMBL database and assigned accession no. AJ000264.
RESULTS
Identification and cloning of the pkg2 gene. The identification of pkg2 gene was based on our previous work (46), where we carried out PCR using two degenerate primers and chromosomal DNA as a template. PCR yielded three different amplification products containing an open reading frame (ORF) giving an amino acid sequence in which an internal DFG motif, characteristic of domain VII of protein kinases (15) , was detected. In this study, a 129-bp fragment designated PKG-2 was chosen for further characterization.
In the next step, we tried to isolate the entire gene corresponding to the PKG-2 sequence. Southern blot analysis using radiolabeled PKG-2 as a probe against the S. granaticolor chromosomal DNA digested with various restriction enzymes revealed a 4.2-kb SphI-BamHI fragment. This fragment was recovered from the gel, purified, ligated to pTZ19R, and transformed into E. coli XL1-Blue. Using the same probe, we screened the transformants by colony hybridization. As a result, a plasmid clone which contained the 4.2-kb SphI-BamHI insert ( Fig. 1 ) was identified and designated p219. Nucleotide sequence analysis of the 4.2-kb SphI-BamHI fragment. The nucleotide sequence of the 4.2-kb SphI-BamHI fragment (bp 1 to 4205) and predicted amino acid sequence of a complete ORF (ORF2) with a codon usage typical of streptomycetes are shown in Fig. 2 . No similarity of the gene product of the truncated ORF1 to any sequence in the databases was discerned.
Sequence analysis of the ORF2 revealed that there are two putative initiation codons that might initiate a gene encoding a protein with sequence similarity to protein serine/threonine kinases, one at positions 757 to 759 and another at positions 844 to 846. However, the latter is most likely the initiation codon, since the percentage of preferred codons between the two putative initiation codons is quite low. An ORF initiating from the second initiation codon GTG (bases 844 to 6) ranges to TAG termination codon (bases 2947 to 9) (Fig. 2) . ORF2 contains in the N-terminal part all 11 consensus catalytic subdomains of eukaryotic protein kinases, and the sequence of subdomain VI is characteristic of protein serine/threonine kinases in particular (15) . A putative ribosome binding site, GGAGAG, is located 5 bases upstream of the initiation codon. ORF2 should produce a protein, Pkg2, of 701 amino acid residues, with a calculated molecular weight of 74.117 and an estimated pI of 6.80. At approximately 45 amino acid residues downstream of the kinase domain, we detected a hydrophobic stretch of 21 amino acid residues (positions 312 to 332), suggesting the presence of a putative membrane-spanning segment.
A search for homology with proteins registered in the EMBL and GenBank databases using the entire amino acid sequence showed that Pkg2 shared 31% identity in a 729-amino acid (aa) overlap with a S. granaticolor protein serine/ threonine kinase Pkg3 (46), 29.6% identity in a 705-aa overlap with a Thermomonospora curvata putative protein kinase PkwA (22), 37.6% identity in a 471-aa overlap with a S. granaticolor protein serine/threonine kinase Pkg4 (46), and 30.4% identity in a 788-aa overlap with a S. coelicolor protein serine/ threonine kinase AfsK (29) . The C-terminal portion of Pkg2 shows 27.1% identity in a 325-aa overlap with a C-terminal portion of the S. coelicolor protein serine/threonine kinase AfsK (29) . Further analysis revealed that in the C-terminal portion of Pkg2 there is a seven-times-repeated motif ( Fig. 3  and 4 ) resembling the sequence of 11 amino acid residues known as a tryptophan-docking motif, previously identified in methanol dehydrogenase (MDH) from Methylobacterium extorquens (14) , alcohol dehydrogenase (ADH) from Acetobacter aceti (10) , and protein serine/threonine kinases Pkg4 and Pkg3 from S. graniticolor (46) . As previously described for the tryptophan-docking motif of MDH (14) , the interactions between tryptophan in position 11 and alanine in position 1 or the peptide bond between positions 6 and 7 stabilize a threedimensional structure known as a propeller or superbarrel structure (2) . As shown in Fig. 4 , the tryptophan and alanine residues are highly conserved within the repeated motifs of Pkg2.
Expression of Pkg2 in E. coli. To characterize putative protein kinase Pkg2, the pkg2 gene was cloned under the control of a T7 promoter in pET24a (pEX2) and expressed in E. coli BL21(DE3). To rule out the possibility that the proteins synthesized in E. coli could be phosphorylated by an endogenous protein kinase activity rather than by an autophosphorylation process, the essential lysine residue of catalytic subdomain II was replaced by arginine. This lysine residue is highly conserved among protein kinases and is known to be directly involved in phosphotransfer reaction (7) . Therefore, its replacement should abolish any autophosphorylation activity. A pkg2 gene with a Lys-to-Arg change (pkg2K45R) was also cloned into a pET vector (pEX2K45R).
To identify pkg2 and pkg2K45R gene products, the cells were labeled in vivo with L-[ 35 S]methionine in the presence of rifampin after IPTG induction. The cell extracts were analyzed by SDS-PAGE. As shown in Fig. 5 (lane 1) , the production of E. coli proteins was almost completely blocked by rifampin. Pkg2 appeared as a major protein band of about 105 kDa (lane 2), which was not in agreement with the calculated molecular mass (74 kDa). When the mutated gene pkg2K45R was expressed in E. coli, Pkg2K45R migrated as a strong and distinct band at a molecular mass of approximately 75 kDa (lane 3), which was in complete agreement with that obtained for Pkg2 from the DNA sequence. Thus, to determine whether the band of approximately 105 kDa obtained after L- [ 35 S]methionine labeling of the wild-type Pkg2 protein does in fact correspond to Pkg2 and whether the slower mobility of this putative Pkg2 protein is due to its phosphorylation status (30) , E. coli cells harboring pEX2 were labeled in vivo with 32 P i after IPTG induction as described in Materials and Methods. Total cell proteins were separated by SDS-PAGE, and then a background of nucleic acids was removed by trichloroacetic acid treatment. As shown in lane 5, a fuzzy broad 32 P-labeled band migrating at a molecular mass of 100 to 110 kDa appeared; this band corresponded to the band detected by labeling with L-[ 35 S]methionine. Finally, in contrast to the wild-type Pkg2, when Pkg2K45R was labeled in vivo with 32 P, no phosphorylated product was detected (lane 6). Phosphoamino acid analysis showed that Pkg2 was phosphorylated by its intrinsic activity at both threonine and serine residues (Fig. 6) . These results demonstrated convincingly that Pkg2 is a serine/threonine-specific protein kinase that phosphorylates itself, and a mobility shift on SDS-PAGE arose as a consequence of the presence of a multiphosphorylated form.
Pkg2 contains a TM domain. As Pkg2 displayed a putative TM region consisting of a 21-residue apolar stretch flanked by charged residues matching the positive-charge-difference rule (17), we attempted to determine its membrane topology. Fusion proteins were created from fragments either immediately preceding the TM region or encompassing the TM region with flanking sequences on both sides, and E. coli alkaline phosphatase PhoA, as described in Materials and Methods. PCR was used to amplify the corresponding fragments. Each of these FIG. 6 . Determination of phosphorylated amino acids of 32 P-labeled Pkg2. Positions of the nonradioactive phosphoamino acid standards (P-Ser, phosphoserine; P-Thr, phosphothreonine; P-Tyr, phosphotyrosine) detected by staining with ninhydrin are shown by circles. The first and second dimensions are indicated by the arrows marked 1D and 2D, respectively.
FIG. 7.
Alkaline phosphatase activities of Pkg2-PhoA fusions in E. coli CC118 (PhoA Ϫ ). Each activity is the average of data from three independent experiments. pCH2, plasmid containing the phoA gene fused with ␤-lactamase signal sequence (Bla) (18); pPkg2-PhoA, plasmid containing the phoA gene fused with a control segment preceding the putative TM region (residues 287 to 307); pPkg2TM-PhoA, plasmid containing the phoA gene fused with the putative Pkg2 TM region (residues 287 to 352).
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Pkg2, A TRANSMEMBRANE PROTEIN Ser/Thr KINASE 19 two fragments was fused under the control of the lac promoter with a phoA gene. Alkaline phosphatase activities of the cells expressing fusion proteins are shown in Fig. 7 . PhoA activity was only slightly increased for the PhoA fusion with the control segment (Pkg2-PhoA) compared to the activity of the PhoA Ϫ host strain. However, when the hydrophobic stretch was added to the fusion protein, the PhoA activity of the resulting protein, Pkg2TM-PhoA, increased almost 10-fold, to a level higher than even that of a PhoA ϩ control strain. Since PhoA is enzymatically active only when it is translocated through the cytoplasmatic membrane into the periplasm (28), these results demonstrated that Pkg2 is a transmembrane protein kinase with its C-terminal region downstream of the TM domain in the periplasmic space and the N-terminal kinase domain upstream of the TM domain in the cytoplasm.
Inactivation of the pkg2 gene and mutant strain studies. To investigate the function of pkg2, we replaced a part of the chromosomal pkg2 gene of S. granaticolor by using the spc gene as a selection marker and a pkg2 sequence for homology to integrate the spc gene by double-crossover events. To select easily for two crossover events, which are necessary for effective gene replacement, another selection marker, the hyg gene, was introduced into a circular E. coli plasmid molecule (i.e., nonreplicating in Streptomyces) as described in Materials and Methods. As denaturation of the donor DNA is known to stimulate the number of transformants obtained by homologous recombination of incoming double-stranded circular DNA with the recipient chromosome, the plasmid DNA was alkaline denaturated prior to protoplast transformation (31) . Transformants were collected and screened for their resistance patterns. Spectinomycin-resistant and hygromycin-sensitive colonies were tested for correct replacement of pkg2 on the chromosome of S. granaticolor by Southern hybridization with a part of the pkg2 sequence as a digoxigenin-labeled probe. This procedure yielded a pkg2 disruptant that gave signals with the expected sizes (Fig. 8) .
The mutation influenced neither the time course of the growth curve in MK liquid medium nor granaticin production. Wild-type and mutant strains grown on PPS agar plates exhibited no difference in timing of the course of morphological differentiation, as observed by scanning electron microscopy (data not shown). However, a slight difference was revealed in the morphology of aerial hyphae of the wild-type and mutant strains, and it was strongly marked when both strains were grown on SLM3 agar medium (Fig. 9 ). Photographs were taken so that each showed a representative level of development seen in the visible fields under the electron microscope. The population of hyphae of the wild-type strain was fairly dense and of uniform morphology. The aerial hyphal cells seemed to possess a well-evolved fibrous sheath (i.e., a thin superficial layer which surrounds the aerial hyphae and spores), and the length and diameter of fragmentation elements appeared homogeneous. In contrast, the mycelium of the mutant strain appeared as a heterogeneous network of intact and disintegrating hyphae; the cytological changes characteristic of cellular disintegration (lysis) of the aerial hyphae of the mutant strain are well illustrated in Fig. 9A . The envelopes of disintegrated hyphae tended to remain intact rather than decompose. Moreover, the fragmentation elements were not homogeneous in size, and many hyphae showed no signs of fragmentation, suggesting incomplete septum formation.
DISCUSSION
In this study, we identified in S. granaticolor and further characterized a new eukaryotic-like protein serine/threonine kinase designated Pkg2. Pkg2 contains a membrane-spanning sequence, as judged by PhoA fusion analysis, and therefore it is the first transmembrane protein serine/threonine kinase found in Streptomyces. In prokaryotes, a large number of transmembrane histidine protein kinases which function as sensors for various external signals have been identified (40) . Only recently, several transmembrane protein serine/threonine kinases were found in M. xanthus, a multicellular developmental bacterium, and it was suggested that they could serve as receptors for developmental signals (16, 42, 50) .
Using PCR and primers designed from the conserved sequences in the catalytic domains of eukaryotic protein kinases, we identified in S. granaticolor another two protein serine/ threonine kinases, Pkg4 and Pkg3 (46) , with different enzymatic properties. Both Pkg4 and Pkg3 are likely cytoplasmic proteins. An active form of Pkg4 autophosphorylates at threonine residue(s), whereas Pkg3 does not undergo an autophosphorylation process. If Pkg3 requires phosphorylation to become an active enzyme, then the possibility that Pkg3 can be phosphorylated and so activated by another protein kinase, either cytoplasmatic or membrane localized, cannot be excluded. In vitro phosphorylation experiments performed with partially purified Pkg2 suggested that compared to Pkg4, protein kinase Pkg2 has a broad substrate specificity in S. granaticolor cell extracts (unpublished results). It could mean that Pkg2 targets multiple proteins and so modulates their functions, in which case it might be assumed that Pkg2 occupies a high position in a hierarchy of signaling cascade. It is tempting to speculate that in Streptomyces there are several protein kinases involved in a particular phosphorelay similar to that in eukaryotes constituting a signaling network. Therefore, we concluded that Streptomyces may be a promising model for a study of signal transduction process mediated via protein serine/threonine kinases.
Amino acid residues known to form stacking interactions stabilizing the propeller structure in MDH (14) are highly conserved within the repeated motifs in the C-terminal portion of Pkg2, which is located outside the cell. The propeller structure was identified first in influenza virus neuraminidase (44) and subsequently in sialidase from Salmonella typhimurium LT2 (11), galactose oxidase from Dactylium dendroides (21), methylamine dehydrogenase from Thiobacillus versutus (45) , and MDH from Methylobacterium extorquens (14) . From amino acid sequences alignment and software modeling, it was also predicted to exist in ADH from A. aceti (10) . The propeller structure is made up of topologically identical four-stranded antiparallel ␤ sheets arranged like the blades of a propeller. The number of blades varies from six to eight. There is a little or no homology in parts of the amino acid sequences forming the propeller structures, and the propeller structure is not closely related to the functions of the proteins.
Besides Pkg2, we identified similar repeated motifs in the C-terminal regions of protein serine/threonine kinases Pkg4 and Pkg3 (46) and in the C-terminal part of the protein serine/ threonine kinase AfsK from S. coelicolor A3(2) (29) (Fig. 3) . Thus, it seems that streptomycetes synthesize at least four protein serine/threonine kinases with homology not only in the protein kinase domains but also in the C-terminal domains, indicating a tighter structural relationship among these signaltransducing enzymes. It is conceivable that the C-terminal regions of these proteins are involved in transmitting signals to or from other proteins through protein-protein interactions.
One can speculate that the C-terminal portion of Pkg2 forms outside the cell a symmetrical structure (probably propellerlike) serving as a bacterial sensor and transducing signals from unknown ligand(s) via its protein kinase domain to an unknown substrate(s), and that the other protein kinases mentioned above somehow participate in this process. Experiments aimed at identifying these ligands and target substrates are in progress.
The pkg2 mutant strain maintained its ability to form aerial mycelium and sporulate when grown on PPS agar plates, and only a few aerial hyphae of the mutant strain showed signs of disintegration. However, the proportion of lysing cells increased strongly when cultivated on SLM3 agar plates. Disintegrating aerial hyphae of the wild-type strain were only occasionally found on both media tested. It seems that the pattern of development of the mutant strain mycelium could be somehow influenced by the composition of the medium. This effect is well known in Streptomyces and illustrates the plasticity of members of this genus and other actinomycetes in response to varied growth conditions. For example, the morphological defect of most of the bld mutants of S. coelicolor, which fail to form aerial hyphae on rich medium, is carbon source dependent (8); recently, a new interpretation for the role of the bld genes in development in Streptomyces suggested that the primary defect in bld mutants is in the regulation of carbon utilization and not specifically in the activation of developmentally regulated genes (35) . In this respect, the result of the pkg2 replacement is reminiscent of situation known in bld mutant studies. Nevertheless, the particular steps of the pathway leading from pkg2 gene replacement to scaled-up aerial hyphae disintegration remains to be identified.
It has been shown that apart from a plasmid-encoded secreted protein serine/threonine kinase, YpkA, having an indispensable role in virulence of Y. pseudotuberculosis (13) , all prokaryotes for which protein serine/threonine kinases have been described (Streptomyces [29, 43, 46] , M. xanthus [16, 30, 42, 50] , Anabaena strain PCC 7120 [47] [48] [49] , and T. curvata [22] ) display developmental characteristics comparable to those of multicellular eukaryotes. However, recent results demonstrated that a multigene family of putative protein serine/threonine kinases is commonly present in microorganisms as different as Mycobacterium tuberculosis (9) and Synechocystis sp. (25) . On the other hand, E. coli genome sequencing revealed that there are no sequences resembling the eukaryotic-like protein serine/threonine kinases (4). Thus, ongoing sequencing projects followed by sequence analysis of obtained data may divide prokaryotes into two groups: those that need protein serine/threonine kinases for growth and development, and the others. Comparison of these two groups together with the accompanying knowledge of protein serine/threonine kinases' diverse functions in eukaryotes could be a clue to tracing the pathways of signaling phosphate groups and their significance.
